Abstract. We present a 3-D climatology of the desert dust distribution over South-East Asia derived using CALIPSO (Cloud-
the nearby Taklimakan Desert. Liu et al. (2008b) examined the spatial distribution of dust over the Tibetan Plateau and the surrounding areas on a seasonal basis. Huang et al. (2008) , using CALIOP, a micropulse lidar and surface meteorological data from the Gansu Meteorological Bureau studied the long-range transport of dust from the Taklimakan and Gobi deserts over east China and the Pacific Ocean during the PACDEX (PACific Dust EXperiment) campaign (March to May 2007) . They also showed that the dust storms over the Gobi region are more intense but less frequent than the ones over the Taklimakan region.
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The passage of dust from Gobi to Japan (covering 1000-1500 km/day) and consequently over the Pacific Ocean was also reported by Uno et al. (2008) using extinction coefficients from CALIOP, a dust transport model and forward trajectory analysis. Huang et al. (2010) used CALIOP dust data along with other A-Train satellite observations to study the climatic effect of dust on the semi-arid areas of north-west China. Ge et al. (2014) combined dust CALIOP data with observations from the Multiangle Imaging Spectroradiometer (MISR) showing that the Taklimakan dust can be lofted vertically up to 10 km 10 height above sea level as a result of the local topography and synoptic conditions. He and Yi (2015) utilizing data from CALIOP and ground based lidar observations over China examined 13 dust events within the period 2010-2012, while Xu et al. (2016) studied the horizontal, vertical and temporal variability of dust aerosols over China based on CALIOP. Satellitebased observations from CALIPSO have also been utilized to study the effect of dust transport from Thar Desert to the Indian subcontinent (Gautam 2009; Das et al., 2013; Kumar et al., 2014) . More recently, Tan et al. (2016) and (2017) The aforementioned studies used the standard CALIPSO product and aerosol subtype classification . In this way either considered as dust explicitly the classified as dust aerosol subtype, hence not taking into consideration the dust component of the polluted dust aerosol subtype, or utilized both the dust and polluted dust aerosol subtypes, hence taking into 20 consideration the non-dust component of polluted dust. In the present study we use a separation methodology developed in the framework of EARLINET (European Aerosol Research Lidar Network), the particle linear depolarization ratio and updated lidar ratio values suitable for Asian dust, in order to distinguish the pure dust component from the dust and polluted dust aerosol subtypes. In this paper we use the pure dust product in order to provide the three-dimensional seasonal distribution and the short-term temporal evolution of dust over SE Asia, based on nine years of CALIOP observations (01/2007-12/2015) . The 25 domain of the study is confined between 65°-155° E and 5°-55° N (Fig 1) . The pure dust product can be used in the evaluation of models related to dust transport and to radiative transfer models, in studies of dust-related physical processes (dust transport dynamics, CCN, IN) , to investigate the effect of dust aerosols on ecosystems (dust deposition into the oceans) and to determine the dust aerosol load over highly industrialized and densely populated regions.
The paper is organized as follows: Sect. 2 provides a description of CALIOP, of the data used and the methodology followed 30 in the study. Sect. 3 provides the main results. In Sect. 3.1 results on the horizontal distribution of aerosols over SE Asia (AOD, D_AOD, non-dust AOD) and of the observed dust Center of Mass and dust Top Height over SE Asia are presented and discussed. The vertical distribution of dust aerosols is presented and discussed in Sect. 3.2-3.3 through the dust climatological and conditional extinction coefficient profiles, while the short-term temporal evolutions of AOD and D_AOD during the study period are examined in Sect. 3.4. Finally, Sect. 4 provides a summary of the study along with the main concluding remarks.
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Data and methodology
CALIPSO is a sun-synchronous polar orbit satellite with an equatorial crossing time around 13:30 local time and approximately sixteen days repetition orbit. CALIPSO, the collaborative NASA and CNES project, joined the A-Train formation of satellites on April 2006 . CALIOP, the primary instrument onboard CALIPSO, consists of an elastic backscatter and polarization Nd:YAG laser . CALIOP transmits linear polarized light, while a telescope (1m diameter) 40 collects the backscatter component by the atmosphere. Utilizing the total backscatter signals and the polarization of the Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2017-797 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 7 September 2017 c Author(s) 2017. CC BY 4.0 License.
backscattered light CALIOP provides almost continuously height-resolved information on the vertical structure of aerosols and clouds , from the ground up to 30 km height.
Three levels of CALIPSO products are provided from NASA and CNES. The Level-1 (L1) product consists of the raw range corrected signals in the highest spatio-temporal resolution. The Level-2 (L2) product consists the high-level quality products.
More specifically, CALIPSO L2 algorithm classifies the detected layers into characteristic classes ). The 5 atmospheric features types classified as aerosols are further distinguished into specific aerosol subtypes (Clean Marine, Dust, Clean Continental, Polluted continental, Polluted Dust and Smoke). The classification algorithm ) utilizes the depolarization ratio and the magnitude of the attenuated backscatter signal, the height of the aerosol layers and the characteristics of the Earth's surface along the CALIPSO footprint (desert, ocean, snow/ice) in order to discriminate the detected atmospheric features types into subtypes. In addition, CALIPSO L2 algorithm uses specific lidar ratios (LR) for each 10 classified aerosol type in order to derive the profiles of extinction coefficient ). The final L2 product is characterized by 5 km horizontal resolution and vertical resolution of 60m in the altitude range -0.5-20.2 km and 120m in the altitude range 20.2-30.1 km above sea level. The L2 aerosol extinction product is used to provide the Level 3 (L3) product of CALIPSO, characterized by 2ox5o grid resolution .
In the framework of this study we use the CALIPSO L2 optimized profiles (based on the CALIPSO Version 3 dataset),
developed as an intermediate product under the collaborative EARLINET-ESA LIVAS (LIdar climatology of Vertical Aerosol
Structure) project (Amiridis et al., 2015) . This product has a spatial resolution of 1ox1o and is described in detail and compared with AERONET in Amiridis el at. (2015) . In brief, for this product, several quality control filters are applied in the CALIPSO L2 V3 dataset, following the filtering proposed for L3 product . Moreover, in order to ensure the highquality of the aerosol product, in addition to the filters described in Winker et al. (2013) , L2 profiles with cloud observations 20 are filtered from the dataset (Amiridis et al., 2013) .
In addition to the CALIPSO L2 optimized profiles, the aerosol observations categorized through the CALIOP classification scheme as dust or polluted dust ) are used in order to retrieve the pure dust aerosol component. To this end, the particle depolarization ratio of dust is used. During SAMUM 1 and 2 campaigns Saharan dust particle depolarization ratio values varied between 0.27 and 0.35 at 532 nm (Ansmann et al., 2011) . Typical dust particle depolarization ratio values 25 measured with lidars in field campaigns around the globe are consistent with this values, showing little variation independently of the source region, (e.g., Sakai et al., 2000; Liu et al., 2008b; Freudenthaler et al., 2009; Groß et al., 2011; Burton et al., 2013; Groß et al., 2013; Groß et al., 2015; Illingworth et al., 2015) . According to the methodology proposed by Tesche et al. (2009) the aerosol layers classified as dust or polluted dust also having a depolarization ratio lower than 0.31 are assumed to be a mixture of pure dust and non-dust aerosol components. The particle depolarization ratio value of the pure dust component 30 is then calculated by:
where δp is the particle depolarization value of the pure dust component, β⊥ is the perpendicular component of the backscatter value and βt is the total backscatter of the aerosol layer. The backscatter contribution of the pure dust component is calculated by:
where δ1 (δ2) is a theoretical depolarization value of the dust (non-dust) component. For the non-dust aerosols, we assume
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particle depolarization ratio values of 0.03, considering minor contributions to depolarization by dried marine particles and by anthropogenic particles. Using this methodology, the CALIPSO pure dust backscatter coefficient profile at 532nm is calculated.
Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2017-797 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 7 September 2017 c Author(s) 2017. CC BY 4.0 License.
Regarding the aerosol transport, the intercontinental transport depends on the atmospheric circulation, which in the case of Asia is heavily affected by the Himalaya orographic barrier. The area SW of Himalayas (Arabic Peninsula, India, Indian Ocean) is mostly affected by long range transport of dust generated from the Arabian Desert and from the arid areas of Somalia and Ethiopia (Prospero et al., 2002) . Local dust sources in arid areas of Iran, Iraq and Afghanistan additionally contribute to the regional dust load. On the contrary, the areas located to the east of the Himalaya barrier (Mongolia, China, SE Asia
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Peninsula, Pacific Ocean) are mostly affected by dust originating from the Gobi and Taklimakan deserts (Prospero et al., 2002) .
In order to retrieve the pure dust extinction coefficient profile at 532nm the pure dust backscatter coefficient profile has to be multiplied with the appropriate LR for Asian dust. The LRs observed globally are summarized in the works of Müller et al.
(2007) and Baars et al. (2016) . In general, different desserts produce dust with different properties, thus with different LRs.
Typical values of LRs of desert dust vary between 35 and 55 sr. The LR of desert dust originating from deserts of the Arabian
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Peninsula, the Taklimakan region and the vast semiarid Gobi desert has been investigated with ground based lidars (Sakai et al., 2002; Murayama et al., 2004; Ansmann et al., 2005; Tesche et al., 2007; Xie et al., 2008; Haenel et al., 2012; Komppula et al. 2012; Mamouri et al., 2013) , airborne instrumentation and during intensive campaigns (Liu et al., 2002 . Based on the atmospheric circulation over Asia, the dust aerosol transport and the observed LRs, the domain of this study can be divided in two subdomains and two different LRs for pure dust can be assigned in these
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regions. South-west of the Himalayas (Arabic Peninsula, India, Indian Ocean) a LR of 40sr is assigned to pure dust, while east of the Himalayas the value of 47sr is used. The assigned LR values are used for the retrieval of the pure dust aerosol extinction coefficient profiles at 532nm through the backscatter coefficient profile at 532nm (Tesche et al., 2009) .
In this study, based on the aerosol extinction coefficient profiles at 532nm and on the pure dust extinction profiles at 532nm
(from here on referred as dust extinction), the following products are discussed:
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The seasonal CALIPSO L3 optimized Aerosol Optical Depth (AOD), dust Optical Depth (D_AOD) and non-dust Aerosol
Optical Depth aggregated in 1ox1o spatial resolution grids. 
where: z is the height in the atmosphere, β(z) is the extinction coefficient of the dust layer at heights z, zb and zt the base and top heights of the profile respectively.
The seasonal zonal distribution of the climatological and conditional dust extinction coefficient (Mm -1 ). The climatological dust product is a measure of the average dust load over a geographical domain and is computed acknowledging only the , for observations with non-dust aerosols. The conditional dust product is a measure of the average intensity of dust load over a geographical domain and is based explicitly on the dust profiles, hence ignoring completely non-dust aerosols. In the recent study of Marinou et al. (2017) , the climatological and conditional dust products have been used to study the dust distribution above Europe and North Africa. In this study, the climatological and conditional products are similar to the study
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of Marinou et al., (2017) , with the only difference in the selection of the domain depended LR values (55sr for Saharan desert).
Evaluation of this product against collocated AERONET observations show absolute biases between CALIPSO and AERONET AODs of -0.03 (Amiridis et al., 2013 ).
Short-term CALIOP time series and trends of AOD and D_AOD for the study domain, based on nine years of CALIPSO overpasses (01/2007-12/2015) . In addition to the CALIPSO/CALIOP time series and trends, Aqua/MODIS trends for the same There are two separate DT algorithms, one used for land surfaces and one for water surfaces (Kaufman et al., 1997; Tanré et al., 1997; Remer et al., 2005; Levy et al., 2010 Levy et al., , 2013 . The DT expected error for Collection 6 is ±(0.05+0.15τA) over land and +(0.04+0.1τA), -(0.02+0.1τA) over ocean relative to the AERONET aerosol optical thickness (τA) (Levy et al., 2013) . While
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DT is used over vegetated surfaces and surfaces covered by dark-soil, the DB algorithm is capable of retrieving AOD550 over bright surfaces such as deserts, arid and semiarid areas (Hsu et al., 2004 . The new DB algorithm which is used for the production of Collection 6 is applicable over all land surfaces (Sayer et al., , 2014 Hsu et al., 2013) . For Collection 6 the DB expected error is ~±(0.03+0.2τM) relative to the MODIS aerosol optical thickness (τM) Sayer et al., 2015) .
In this work, AOD550 data from the merged (DT and DB) (Levy et al., 2013) ). The reported underestimation in the CALIPSO AOD (Kittaka et al., 2011; Rogers et al., 2014; Papagiannopoulos et al., 2016; Tian et al., 2017) is additionally related to the limitation of CALIOP to collect backscatter signals lower than the minimum detectable backscatter from aerosol layers in the free troposphere. The estimation of the 20 uncertainties of CALIPSO L2 V3 product is based on the assumptions that they are random and uncorrelated (Young, 2010) .
Under these assumptions the backscatter, depolarization and AOD are characterized by uncertainties of 30-100%, 30-160% and >100% respectively. In addition to the inherited uncertainties of the CALIOP L2 V3 standard product to the AOD and D_AOD optimized products used in the study, uncertainties are introduced due to the selection of LR values suitable for Asian dust. A LR of 47±4 sr is used for dust aerosols emitted from the Taklimakan and Gobi deserts, based on the literature (Liu et 25 al., 2002; Sakai et al., 2002; Anderson et al., 2003; Murayama et al., 2004; Ansmann et al., 2005; Tesche et al., 2007; Xie et al., 2008; Hänel et al., 2012; Komppula et al. 2012; Mamouri et al., 2013) . The LR introduces uncertainty in the D_AOD product approximately of 20%. Additional, uncertainty which propagates into the D_AOD product is introduced due to the depolarization ratio of the non-dust aerosols, coupled into the polluted-dust aerosol subtype. As already discussed, for the non-dust component a mean value for the different aerosol subtypes depolarization ratio of 0.03 is used.
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Extended analysis on the way that uncertainties propagate into the products is presented in Marinou et al. (2017) .
Results and discussion
Horizontal distribution of aerosols and dust
In this section we present and discuss the CALIPSO L3 optimized AOD and the D_AOD products. Since the mechanisms of dust generation and transport and the removal processes of aerosols from the atmosphere vary with season the seasonal anthropogenic aerosols (Beijing, Shanghai, Guangzhou, Chongqing, Wuhan) such as urban clusters and D_AOD values over the deserts of Taklimakan and Gobi (Che et al. 2014 (Che et al. , 2015 .
Regarding the horizontal distribution of dust aerosols over SE Asia, the main difference is attributed to the high seasonality of dust aerosols generation and transport. Moreover, the activation mechanisms of the desert regions may vary as well (Prospero et al., 2002) . Asian dust emission sources in India (Thar Desert) and China (Taklimakan, Gobi) are clearly mapped through 20 the systematic high D_AOD values throughout the year (Fig. 2b , f, j, n). The seasonality of the Great Arabian Desert, the Thar Desert and the arid regions of Ethiopia and Somalia is mainly related to the West Indian Monsoon activity (Vinoj et al., 2014) and is mostly evident during summer months (Fig. 2f ). The local dust sources at the arid areas of Iran, Iraq and Afghanistan additionally contribute to the regional dust load. However the activation mechanism of these sources is mainly related to convective episodes (Karami et al., 2017) and the contribution of these dust events to long range transport is limited. On the 25 contrary to the desert regions of SW Asia, the maximum activity of Gobi and Taklimakan deserts is observed during March and May (Husar et al., 2001) .
Regarding the transport of dust aerosols, the long-range transport is usually related to the activation of the major deserts (Liu et al., 2008a) . Dust aerosols emitted from the Great Arabian Desert, Thar Desert and Somalia are transported eastwards over India and the Indian Ocean reaching even the west coast of Indochina and Indonesia (Mao et al., 2011) . The feature of dust 30 transport over the Indian Peninsula and the Bay of Bengal is more prominent during MAM and JJA (Fig. 2f, j) . The transported dust aerosols significantly contribute to the observed aerosol load over India, although the magnitude of the contribution varies per season. Over N. China a similar pattern of a persistent dust aerosol background is evident during all seasons, with a peak during MAM (Fig. 2f ). The Asian dust generated from the Gobi and Taklimakan deserts is transported over China, Korea and Japan and across the Pacific Ocean (Liu et al., 2008b) . This dust belt is usually confined between 25 This is in line with previous studies, reporting rare events of dust transport over Himalayas (Huang et al., 2007; Liu et al., 40 2008b; Yumimoto et al., 2009 observation which is in line with previous studies (Huang et al., 2008; Kellogg and Griffin, 2006) . Figure 3 shows the seasonal geographical distribution of dust occurrences (Fig. 3a, d , g, j), dust CoM (Fig. 3b , e, h, k) and the corresponding Dust TH (Fig. 3c, f, The distributions of dust occurrences show that over the extensive desert areas of SE Asia (Tarim Basin, Thar Desert, southern
Mongolia and Pakistan) the presence of dust is continuously high, over 80%, throughout the year. Between Taklimakan, Gobi and Thar deserts similar seasonal features are observed. Based on Figure 3 , the occurrence of dust over these desert regions 10 reach a maximum during spring (Fig. 3d ), while minimum dust activity is observed during winter (Fig. 3a) . Lower frequencies of dust occurrence, which still exceed 70%, are also evident over east China and southeastern India. Conversely over Indochina and Indonesia the occurrence of dust is particularly low, particularly during summer ( (Fig. 2f) , parallel to the ubiquitous dust layer and the high dust TH (Fig. 3f) , are an indicator of the longer range of transport of lower concentration of dust particles. Over the Indian Peninsula and the Arabian Sea dust CoM (TH) tends to be observed between 1-2 km (3-4 km) a.s.e., while both dust TH and dust CoM are decreasing toward southeast and over the however, the pattern reverses (Fig. 3i) (Fig. 3k,l) , with dust CoM and TH values between 1.5 and 3 km a.s.e.
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A regional statistics description of the dust product is provided for six regions of interest over the domain of SE Asia: Indian 
Climatological dust extinction coefficient
15
In this section we present and discuss the vertical distributions of dust aerosols in the atmosphere over SE Asia, thus we present (Fig. 4a) . (Fig. 4e, f, g, h) . Over this belt dust is ubiquitously present close to the surface throughout the year.
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Regarding the Taklimakan Desert, this region is a very prolific arid area encompassed by Tarim Basin. Due to the local topography of the Tarim Basin and the cyclonic systems generated over the Mongolia Plateau (Sun et al., 2001; Gong et al., 2006 ) Taklimakan dust activity is persistent active throughout the year (Liu et al., 2008b (Bory et al., 2003; Yu et al., 2008) .
More specifically, the maximum dust climatological extinction coefficient values over the entire SE Asia are observed over the region of Taklimakan Desert during spring, reaching values as high as 200 Mm -1 (Fig. 4f) . Although the dust layer is mostly 5 observed between 1.5 and 4 km a.s.l., during MAM lofted dust layers are detected as high as 9 km (a.s.l.). The observed features of dust transport are consistent with the values of elevation height reported in the literature (Huang et al., 2008; Eguchi et al., 2009 ). The elevated dust layers are captured by the strong westerly jet in the upper troposphere and accordingly transported eastwards across the mainland of China (Zhang et al., 2003) and the Pacific Ocean (Duce et al., 1980; Shaw, 1980) . This feature is evident throughout the year, although more pronounced during spring. The maximum height of dust transport (Fig. 4k) . Although the dust layer is primary observed between the surface and 2.5 km altitude, during JJA elevated layers of dust are detected over the sources at altitudes as high as 7 km. The elevated layer of dust is accordingly transported eastwards, over the highly industrialized and densely populated Indo-Gangetic plains, where dust 30 interacts with locally generated aerosol particles (Middleton, 1986) . Due to the gravitational settling and to the dry and wet deposition (Colarco et al., 2003) The decrease in the dust climatological values over the Tibetan Plateau is less pronounced during MAM, when Taklimakan and Gobi deserts to the North of this domain are characterized by maximum dust activity (Fig. 4j) Southeastern Asia (Fig. 4m, n, o, p) . This domain is characterized by large inhomogeneities. High values of dust climatological extinction coefficient are observed over India and the Arabian Sea, as high as 100 Mm -1 , especially during MAM and JJA and lower values (Fig. 4n, o) , below 50 Mm -1 , during SON and DJF (Fig. 4p, m (Fig. 4r, s) . Over South India during JJA elevated dust is present at altitudes as high 10 as 5 km a.s.l., while over the Bay of Bengal the monsoon effect is observed through the steep decrease of the dust climatological extinction coefficient values (Fig. 4s) , as a result of the wet deposition of aerosols. Values consistently below 25 Mm -1 are observed over the Indonesia region throughout the year.
Conditional dust extinction coefficient
In this section we present and discuss the intensity of the dust events and the purity of dust aerosols in the atmosphere over SE
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Asia (three-dimensional). In order to investigate the intensity of the dust events over the domain of SE Asia the dust conditional extinction coefficient parameter is used, as defined in Sect 2. The vertical distributions of the dust conditional extinction coefficient and the corresponding conditional depolarization ratio are presented in Figures 5 and 6 respectively. More specific, To the north and east of the Tibetan Plateau, as seen in Figure 5 , two distinct eastward pathways of dust transport are evident:
(1) a northern flow that propagates towards the Yellow Sea and the Pacific Ocean ) and (2) a southern flow that occurs over central China (Kuhlmann and Quaas, 2010 as high as 9 to 11 km altitude. While the distance from the Taklimakan and Gobi deserts increases, towards and over the Pacific Ocean, a negative gradient is observed. The maximum altitude where dust aerosols are observed during dust events decreases to less than 6 km a.s.l. over the regions both to the north (Mongolia and Manchuria Plains) and to the south of China (Indochina and Indonesia).
To the south and west of the Tibetan Plateau dust transport that originates from the Arabian Peninsula and Thar Desert and
10
propagates towards the Indian Subcontinent (Gautam et al., 2009 ) and the Indian Ocean is observed. The maximum altitude and intensity of the flow of dust aerosols originating from the northwest part of India is subject to high seasonal oscillation. . These values are affected from the selection of the particle depolarization ratio of the non-dust aerosols in our dust-separation methodology (as discussed in Section 3). In this technic we selected the most dominant value for the depolarization of the non-dust aerosols (optimal for anthropogenic and marine cases). Furthermore under specific
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conditions the particle depolarization ratio of dry marine aerosols can exceed these values reaching up to 0.1, especially close to the top of the marine boundary layer (Haarig et al., 2017) . By using the generic non-dust depolarization of 0.03, we have to recognize a bias in the marine boundary layer, extinction values up to 50% of the mean values of the conditional dust product.
The depolarization ratio is an ideal intensive parameter for the discrimination between spherical and non-spherical aerosols, hence for the classification of dust aerosols ). Values of depolarization ratio at 532nm that exceed 30%
25
denote the presence of pure dust aerosols (Liu et al., 2008c) , while lower values that range between 10% and 30% suggest a mixture of dust with more spherical aerosols Tesche et al., 2009) . Therefore, the depolarization ratio is used here as an indicator in order to describe the state of the dust mixture and as a discriminator between pure dust and polluted dust cases. of the mean depolarization ratio correspond to the dusty CALIPSO observations (dust and polluted dust cases), hence correspond to the dust conditional extinction coefficient parameter described above (Fig.5) . Based on Figure 6 , dust depolarization ratio values between 30% and 35% are regularly observed over the Taklimakan, Gobi and Thar deserts throughout the year. Intermediate depolarization ratio values, between 25% and 35%, are observed close to the dust sources,
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while even lower values, between 10% and 25%, are evident over the densely-populated and highly-industrialized regions of SE China and India and over the remote domains of Indonesia and Indochina.
In general, to the north of Himalayas (Fig. 6e-h ), a structure of three different height ranges is evident. The low dust depolarization ratio values observed over the densely-populated and highly-industrialized regions suggest the occurrence of a mixture of non-spherical aerosols with particles of anthropogenic origin (Heese and Wiegner, 2008) . Conversely to the aerosol (Kwon et al., 1997; Matsuki et al., 2003) .
To the west of the Tibetan Plateau, between 25⁰ and 35⁰ N, Thar Desert is located. Over Thar Desert dust aerosols yield dust depolarized values greater than 25% throughout the year. Dust depolarization values that exceed 30% are observed during JJA, when Thar dust activity is at its maximum (Fig. 6k) . The elevated layer of dust is accordingly transported eastwards, over the 10 highly-industrialized and dense-populated Indo-Gangetic plains. The interaction of dust aerosols with locally generated aerosol particles (Middleton, 1986 ) is evident through the decrease of the dust depolarization ratio over the Indian subcontinent. The observed depolarization ratio values range between 15% and 20% over the Indo-Gangetic plains and the foothills of Himalayas (Fig. 6i-l The dust depolarization ratio values over Indochina and Indonesia are significantly different from the corresponding depolarization ratio features observed over China and India (Fig. 6m-t) . The dust depolarization values to the south of the
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Tibetan Plateau and to the east of the Indian subcontinent are in general below 15% indicating that the dust aerosols are coupled with natural and anthropogenic emissions.
Temporal evolution of AOD and D_AOD
In this section the CALIPSO AOD and D_AOD timeseries, based on nine years of overpasses, are presented and discussed. In confidence level if the absolute value of the ratio of ω to its precision (σω) is greater than 2 (|ω/σω|>2). The approach followed here is extensively described in Alexandri et al. (2017) . blue, while red colour indicates positive trends. In addition to the short-term trends the mean Aqua Cloud Fraction (Fig.7d) and the number of months used in CALIPSO time series (Fig.7c) are shown.
Regarding China, CALIOP shows significantly positive AOD532 trends over the northwest and eastern provinces whereas negative statistically significant trends are mostly found over the southeastern provinces. MODIS shows statistically significant positive AOD550 trends over northwest, central and eastern China; where over northeast China AOD trends are mostly positive.
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More specifically, both CALIOP and MODIS sensors quantitatively agree on a statistically significant increase at the 95% ). The negative AOD trend observed over EC is in line with the air quality regulations and the applied policies promoting the reduction of emissions over China. Van der A et al. (2017) report on the decrease of aerosol precursor gases (SO2, NO2) based on OMI, SCIAMACHY and 35 GOME-2 satellite observations, while Yoon and Pozzer (2014) report on the decrease of biomass-burning related emissions.
The decline of AOD over China is additionally observed by several authors (Kang et al., 2016 , Zhang et al., 2017 , with the suggested pivot point around 2011 (Zhao et al., 2017) . The negative AOD trend over Southeastern China is further enhanced due to the negative D_AOD trend, which in turn can be attributed to the positive precipitation trend over Southeastern China and the increase of dust aerosol deposition (Pozzer et al., 2015) . Focusing over the South Asia (SA) region though similar 40 behaviour as over AS is observed. SA is characterized by not statistically significant decreasing D_AOD trends (-1.5x10 -3 yr -1 / -1.01% yr -1 ). In contrast, due to the increasing emissions of the fast-developing India, the observed AOD trend is positive (3.3x10 -3 yr -1 / 0.98% yr -1 , not significant).
In this work, CALIPSO is used to provide a multiyear 4-D climatology of desert dust aerosols over South-East Asia. An optimized dust aerosol product, developed using CALIOP backscatter and particle depolarization ratio, along with a regional correction on dust lidar ratio suitable for Asian dust is used. The optimized product is utilized to provide the horizontal and vertical distributions and the temporal evolution of dust aerosols over a 9-year period ( pronounced. Regarding the vertical distribution of dust aerosols, the utilized dust CoM, TH and the dust extinction coefficient corroborate the vertical structure and transport pathways of dust aerosols over SE Asia. Furthermore, through the extinction coefficient profiles our study quantitatively addresses the vertical climatological contribution of dust aerosols to the total aerosol load and the intensity of the dust events, on a seasonal basis. Regarding the temporal evolution of AOD and D_AOD our analysis indicates statistically significant positive short-term AOD trends over the Indian Peninsula, NW China and E
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China, whereas our study shows negative short-term AOD trends over SE China. CALIPSO AOD trends are generally in qualitative agreement with the derived MODIS AOD trends over large domains of SE Asia, although the short-term trends disagree over specific regions. The CALIOP and MODIS trends though are interpreted and compared with caution, since the samples of the datasets are non-uniform.
Observational evidence regarding the vertical distribution of dust layers is of particular interest for modelling studies and 25 consequently for assessing the role of airborne dust on radiation (direct climate effect) and clouds (indirect climate effect). So far, modelling simulations of dust are evaluated through comparisons with column dust observations (e.g. AERONET and MODIS AOD) and only occasionally with lidar or in-situ measurements at specific stations. Moreover, the availability of ground measurements (lidar and in-situ) is limited near the dust sources. Assimilation of dust in atmospheric models is also problematic since the 2D initial observational fields need to be assimilated towards the 3D prognostic model variables. Other
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than AOD aerosol properties (e.g. Ångström exponent or aerosol type) are essential for radiative forcing studies as the spectral dependence of AOD impacts the RF model results for different aerosol cases (e.g. dust or non-dust cases). Furthermore, studies of transboundary aerosol transport (e.g. China, Korea and Japan) should include a quantification of natural (dust) and anthropogenic aerosol components. In this context, utilization of the CALIPSO pure dust profiles derived here will certainly assist both the evaluation and assimilation activities in relevant atmospheric simulations and will provide better estimation of 35 the climatic impact of dust aerosols.
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